Intestinal microbiota play an important role in digestion and host's health. Furthermore, their composition is complex, with large differences between animal species. Intestinal microbiota have been intensively studied in humans, whereas those in animals, especially in the wild, have not been thoroughly studied. In this study, we focused on the intestinal microbiota of wild western lowland gorillas, chimpanzees, and an elephant in Moukalaba-Doudou National Park in Gabon by using pyrosequencing analysis for understanding their characteristics. Pyrosequencing of their fecal samples yielded 16,898 reads with a read length of 390 nucleotides (10,860,585 nucleotides in total) on average, and taxonomic analysis of metagenomic reads was performed by BLAST search. In almost all animal feces, Prevotellaceae, Clostridiaceae, and Lachnospiraceae were detected as major bacterial families. At the genus level, no-rank Operational Taxonomic Units (OTUs), 80%-90% identities with known sequences, covered a major of fecal microbiota which seemingly determine the enterotype of the host. However, in principal coordinate analysis using weighted UniFrac, their fecal bacteria were clustered by species of host. The result in the present study suggests that it is necessary that no-rank OTUs and minor populations of the fecal bacteria should be analyzed in detail to understand the true characteristics such as functionality of intestinal microbiota.
INTRODUCTION
Intestinal microbiota in the mammal develop a complex ecosystem of vast diversity after birth. For example, humans and mice, as experimental animals, possess at least 1,000 and 400 phylogenetically different bacteria, respectively (Hooper 2004 , Qin et al. 2010 . It has been speculated that such an ecosystem may develop in a host-specific manner ). This was evidenced by the earlier studies done by Mitsuoka and Kaneuchi (1977) in which each animal species possesses a particular composition of microbiota. The interaction between bacteria and the intestinal mucosa of the host explains the selection of bacteria to some extent (Yamamoto et al. 1996 , Kelly et al. 2005 , Uchida et al. 2006 . The feeding behavior of the hosts further selects the bacteria that can reside in their intestine. In this context, there may be clear differences in the composition of microbiota between herbivores and carnivores (Mitsuoka and Kaneuchi 1977 , Endo et al. 2010 . Intestinal microbiota have been intensively studied in humans, model animals such as rats or mice, and livestock, including some pet animals, due to their economic importance (Zhou et al. 2007 , Dowd et al. 2008 , Hill et al. 2010 , Handl et al. 2011 . Indeed, many studies are concerned with gut microbiota in order to characterize its particular relationship to metabolic disorders and chronic diseases in view of the loss of healthpromoting indigenous bacteria (Andoh et al. 2007 , Wen et al. 2008 , Kellermayer 2013 ). Such protected microbiota should have a particular relationship with their host, and such a relationship can be explained by the concept of coevolution between the host and its intestinal microbiota (Amato 2014) . Comprehensive analyses on the microbiota of wild animals have been out of focus for such nutritional and pathological studies. Accordingly, there are only a few studies elucidating on the microbiota of wild animals except for those of the great apes under captivity (Kisidayová et al. 2009 , Vlčková et al. 2012 . We believe that the surveys on the intestinal microbiota of wild animals have tremendous importance for the understanding of the co-evolution between the host and its intestinal microbiota. Our previous study reveals that the fecal microbiota of wild chimpanzees (Pan troglodytes verus) were clearly different from those under captivity with some particular influences from human-associated bacteria (Uenishi et al. 2007 , Ushida 2010 . Studies on captive animals may have limitations in revealing the original composition of intestinal microbiota of the target animals. Our previous study adopted 16S rDNA-based temperature gradient gel electrophoresis (TGGE) , which enables us to analyze bacteria of top 20-level abundance (Uenishi et al. 2007) . Recent developments in sequencing technology can characterize the individual differences of human microbiota by deep sequencing (Wu et al. 2010) . Therefore, we decided to study the intestinal microbiota of gorillas, chimpanzees, and an elephant in the wild by using pyrosequencing analysis for a more precise understanding of their intestinal microbiota. We have selected western lowland gorillas (Gorilla gorilla gorilla) and central chimpanzees (P. troglodytes troglodytes) in Moukalaba-Doudou National Park in Gabon as targets because they are sympatric in depending on nearly the same food variety, with the exception of temporary ingestion of insects, which is one of preferred food for chimpanzees in general (Tutin and Fernandez 1993, Yamagiwa and Basabose 2006) . As mentioned above, the food habits of the hosts select the intestinal bacteria. It is important to compare the intestinal bacteria between sympatric apes, gorillas, and chimpanzees, which reflect their adaptation to a particular food habit. In this context, we are also interested in intestinal microbiota of forest elephants (Loxodonta africana cyclotis), which are the major herbivore animals in the study area that forage grass, leaves, and fruits. In general terms, the chemical components of their food seem to be similar to those of the food of gorillas and chimpanzees. This is the first report on the comparison of the intestinal microbiota of sympatric wild gorillas and wild chimpanzees. This is also the first bacteriological study on the wild forest elephant.
MATERIALS AND METHODS

Study site
The study was conducted in Moukalaba-Doudou National Park, Gabon (Yamagiwa 2015) . The park covers an area of 5,028 km 2 . The study area covers about 120 km 2 in the southeastern part of the park at an altitude of 50-800 m. The research station was located at 2° 20′ and 10° 34′ E. The vegetation is a complex mosaic of semi-primary forest, secondary forest, Musanga cecropioides-dominated forest, savanna, and swamp (Iwata and Ando 2007 (Takenoshita et al. 2008 ).
Sampling of feces
The feces were collected in the forests of Boutiana and Douguetsi in Moukalaba-Doudou National Park in Gabon. In this national park, anthropological and ecological studies have been carried out since 2003, and a group of gorillas is now habituated 
Culture-independent method
Bacteria were recovered from the fecal samples by centrifugation with exhaustive washing with phosphatebuffered saline to remove residual RNA later solution. The resultant bacterial pellets were subjected to DNA extraction with cell disruption by zirconia beads beating (Microsmash, TOMY, Tokyo) and a DNA stool mini kit (QIAGEN, Tokyo). After quantification by spectrophotometry, a portion (100 ng) of each DNA was subjected to PCR amplification of a partial 16S rRNA gene (V1-V2 region) using ExTaq polymerase (Takara, Kyoto). PCR primers, 27F (5'-AGAGT TTGATCCTGGCTCAG-3') and 520R (5'-ACCGCGGCTG CGGC-3') (Lane 1991) , were used to gain nearly 500bp PCR amplicon in size. Both primers were attached with barcode sequences. The primers were supplied from Hokkaido System Science Co., Ltd. (Sapporo, Japan). PCR was performed under the following conditions: 3 min of initial denaturation at 95℃ followed by 30 cycles (95℃ for 30 s, 55℃ for 40 s, and 72℃ for 90 s) and final extension at 72℃ for 4 min. The amplicons were purified by the PCR CleanUp System (Promega, USA).
Pyrosequence analysis
Pyrosequencing and sequence analysis was performed at Hokkaido System Science. Pyrosequencing was performed by the 454 Genome Sequencer FLX (Roche, USA) according to the manufacturer's instructions. The sequences were cleaned by custom script on LINUX to remove sequences comprising a base-call other than A, T, C, or G. Then the sequences shorter than 250 bp were removed from whole sequence reads by the same application. The resultant cleaned sequence reads were further subjected to BLAST search by the stand-alone program NCBI BLAST (http://www.ncbi.nlm.nih.gov/books/ NBK52640/) to remove sequences showing less than 50 % alignment similarity with known sequences, because those sequences possibly contained chimeric sequences.
Taxonomic classification analysis on pyrosequencing data: The cleaned sequences from the previous step were assigned their phylotypes using DDBJ database according to QIIME-1.5.0 454 Tutorials (http://qiime.org/tutorials/ tutorial.html) with 80 % confidence threshold. In this taxonomic analysis, we defined sequences as identified OTUs when their similarities to known sequences were lager than 90 %. The sequences were defined as no-rank OTUs if their similarities to known sequences were smaller than 90 %.
UniFrac cluster analysis
The cleaned sequences were compared in a pair-wise fashion by means of the UniFrac distance metric (Lozupone and Knight 2005) . All steps were carried out in an automated fashion within QIIME (Caporaso et al. 2010) . UniFrac analysis was carried out in a weighted fashion, which takes into account the relative proportions of each individual (Wu et al. 2010) . Clustering was visualized for weighted UniFrac data using principal coordinate analysis (Gower 1966) .
Accession numbers
Nucleotide sequence date reported are available in the DDBJ Sequenced Read Archive under the accession numbers DRA002738 (IG), DRA002742 (SBG), DRA002743 (CH1), DRA002744 (CH2), and DRA002745 (EP).
RESULTS
Pyrosequencing
The total nucleotides of 16S rRNA genes detected from the feces, number of sequence reads, and average read length are shown in Table 1 . On average, pyrosequencing on fecal samples of IG, SBG, CH1, CH2, and EP yielded 16,898 reads with a read length of 390 nucleotides (10,860,585 nucleotides in total). Rarefaction curves calculated by Chao1 richness estimator in QIIME indicated that microbial diversity reached saturation at 14,000 sequence reads.
Phylogenetic profile of the fecal bacteria at phylum and class levels
Firmicutes and Bacteroidetes were detected as major bacterial phyla in the feces of all animal studied. Then, Clostridia and Bacteroidia were detected as the major bacterial classes in the feces of all animal studied. Erysipelotrichi was detected as the major class of the fecal Firmicutes in chimpanzees (Fig. 1) . Phylogenetic profile of the fecal bacteria in gorillas at family and genus levels
The major bacterial families (>5 % in total population) detected in the feces of IG were Prevotellaceae, Clostridiaceae, Ruminococcaceae, Eubacteriaceae, and Lachnospiraceae, each having 6,378 (37 %), 1,764 (10 %), 1,609 (9 %), 818 (5 %), and 786 (5 %) sequences, respectively (Table 2) . These five families accounted for 66 % of the total fecal bacteria in IG. At the genus level, the fecal bacteria of IG was dominated by no-rank OTUs which relates to unknown Firmicutes (GU428814_1) followed by the OTUs assigned as Prevotella. Within no-rank OTUs at genus level, which covered 40 % of the total sequence reads retrieved from the fecal bacteria of IG, the most prevalent no-rank OTU was suggested to relate with the sequence of unknown Firmicutes (GU428814_1), the second to unknown Firmicutes (AB262677_1), and the third to unknown Bacteroidetes (AB547676_1). In identified OTUs at genus level, which covered 60 % of the total sequence read, the most prevalent OTU was similar to Prevotella copri, the second to Prevotella oulorum, and the third to Clostridium indolis. Their similarities with known sequences were from 92 % to 96 %. For the fecal bacteria of SBG, Prevotellaceae, Lachnospiraceae, Clostridiaceae, and Veillonellaceae were the major families, each having 5,306 (33 %), 3,062 (19 %), 1,080 (7 %), and 795 (5 %) sequences, respectively (Table 2) . These four families accounted for 64 % of the total fecal bacteria in SBG.
At the genus level, the fecal bacteria of SBG was dominated by no-rank OTUs which relates to unknown Bacteroidetes (EU728760_1) followed by the OTUs assigned as Prevotella. Within no-rank OTUs at genus level, which covered 34 % of the total sequence reads retrieved from the fecal bacteria of SBG, the most prevalent no-rank OTU was suggested to relate with the sequence of unknown Bacteroidetes (EU728760_1), the second to unknown Firmicutes (GU429031_1), and the third to unknown Bacteroidetes (AJ009933_1). In identified OTUs at genus level, which covered 66 % of the total sequence read, the most prevalent OTU was similar to Oribacterium sinus, the second to Prevotella bryantii, and the third to Prevotella paludivivens. Their similarities with known sequences ranged from 92 % to 98 %.
Phylogenetic profile of the fecal bacteria in chimpanzees at family and genus levels
The major families (>5 % in total population) in the feces of CH1 were Lachnospiraceae, Prevotellaceae, Clostridiaceae, Oscillospiraceae, Erysipelotrichaceae, Ruminococcaceae, Veillonellaceae, and Eubacteriaceae, each having 2,420 (15 %), 1,862 (11 %), 1,317 (8 %), 944 (6 %), 935 (6 %), 868 (6 %), 815 (5 %), and 734 (5 %) sequences, respectively (Table 2 ). These eight families accounted for 63 % of the total fecal bacteria in CH1.
At the genus level, the fecal bacteria of CH1 was dominated by no-rank OTUs which relates to unknown Bacteroidetes (AB239491_1) followed by the OTUs assigned as Prevotella. Within no-rank OTUs at genus level, which covered 49 % of the total sequence reads retrieved from the fecal bacteria of CH1, the most prevalent no-rank OTU was suggested to relate with the sequence of unknown Bacteroidetes (AB239491_1), the second to unknown Bacteroidetes (GQ131410_1), and the third to unknown Firmicutes (GU470893_1). In identified OTUs at genus level, which covered 51 % of total sequence read, the most prevalent OTU was similar to Oscillibacter valericigenes, the second to Prevotella oulorum, and the third to Prevotella oris. Their similarities with known sequences ranged from 92 % to 96 %.
In the feces of CH2, the major bacterial families were Lachnospiraceae, Prevotellaceae, Erysipelotrichaceae, and Clostridiaceae, each having 3,505 (18 %), 2,695 (14 %), 2,533 (13 %), and 1,886 (10 %) sequences, respectively (Table 2 ). These four families accounted for 55 % of the total fecal bacteria in CH2.
At the genus level, the fecal bacteria of CH2 was dominated by no-rank OTUs which relates to unknown Firmicutes (GU470893_1) followed by the OTUs assigned as Prevotella. Within no-rank OTUs at genus level, which covered 44 % of the total sequence reads retrieved from the fecal bacteria of CH2, the most prevalent no-rank OUT was suggested to relate with the sequence of unknown Firmicutes (GU470893_1), the second to unknown Bacteroidetes (AB239491_1), and the third to unknown Bacteroidetes (GQ422745_1). In identified OTUs at genus level, which covered 56 % of the total sequence read, the most prevalent OTU was similar to Oribacterium sinus, the second to Prevotella oulorum, and the third to Prevotella oris. Their similarities with known sequences were from 92 % to 97 %.
Phylogenetic profile of the fecal bacteria in an elephant at family and genus levels
The major families (>5 % in total population) in the feces of EP were Lachnospiraceae, Prevotellaceae, Clostridiaceae, and Eubacteriaceae, each having 1,357 (9 %), 1,347 (9 %), 1,185 (8 %), and 752 (5 %) sequences, respectively (Table 2 ). These four families accounted for 26 % of the total fecal bacteria in EP.
At the genus level, the fecal bacteria of EP was dominated by no-rank OTUs which relates to unknown Firmicutes (EU281854_1) followed by the OTUs assigned as Prevotella. Within no-rank OTUs at genus level, which covered 52 % of the total sequence reads retrieved from the fecal bacteria of EP, the most prevalent no-rank OTU was suggested to relate with the sequence of unknown Firmicutes (EU281854_1), the second to unknown Bacteridetes (AB501166_1), and the third to unknown Firmicutes (AB596885_1). In identified OTUs at genus level, which covered 48 % of the total sequence read, the most prevalent OTU was similar to Prevotella ruminicola, the second to Prevotella copri, and the third to Prevotella oulorum. Their similarities with known sequences ranged from 92 % to 94 %.
Common bacterial families and genus in the feces of gorillas, chimpanzees, and an elephant
At the family level, Prevotellaceae and Clostridiaceae were detected as major bacterial families in the feces of all animals. Excluding IG, Lachnospiraceae was detected as a major bacterial family in the feces of adult animals. Unidentified families accounted for >20 % of the population in all animals (Table 2) . At the genus level, Prevotella was detected as the most dominant bacterial genus in the feces of all animals.
UniFrac cluster analysis
Weighted UniFrac analysis, which takes into account the information of abundance, shows the relative difference in composition of fecal microbiota of gorillas, chimpanzees, and an elephant (Fig. 2) .
DISCUSSION
Intestinal microbiota play an important role in digestion, absorption of nutrients, and the host's health (Sekirov et al. 2010 , Kau et al. 2011 ). This theory is substantiated by many works in humans and their model exper- imental animals, as well as in livestock. Such a relationship is now understood as a context of co-evolution (Amato 2014) . Studies on the intestinal microbiota of wild animals are important for recognizing the co-evolution of the host and its intestinal microbiota. However, the intestinal microbiota in wild animals have not been well studied due to the technical difficulties of cultivation in field conditions. In developing culture-independent analyses, some of the studies succeeded in showing the characteristics of the intestinal microbiota of wild animals (Uenishi et al. 2007 , Glad et al. 2010 . However, the techniques allowed analysis only of the top 20 to top 200 levels of bacteria. The recent development of the so-called Omics approach allows for analysis of some 1,000 bacterial OTUs. This development is helpful for better understanding the characteristics of intestinal microbiota of particular wild animals.
In the present study, we believe that the host-specific characteristics of the fecal microbiota of wild western lowland gorillas, central chimpanzees, and a forest elephant that are living in a relatively narrow area and foraging quite similar food resources are shown. In previous studies, by using metagenomic analyses, Bacteroidetes and Firmicutes were shown to be the major intestinal bacterial phyla of various mammals, including gorillas, chimpanzees, and elephants in the wild and in captivity , Moller et al. 2013 . Our results also demonstrate that the Firmicutes and Bacteroidetes were the common intestinal bacteria for gorillas, chimpanzees, and forest elephants at the phylum level. However, the relative proportion of these phyla were not the same for host animal species tested (Fig.  1) . Therefore, as shown by UniFrac analysis, the fecal microbiota in gorillas and in chimpanzees were different, and that of an elephant was further distant from those of gorillas and chimpanzees. Among the identified OTUs at genus levels, excluding SBG, Prevotella oulorum was detected as the dominant OTU of all animals, and Prevotella oris was the dominant OTU of chimpanzees. In addition to these, Prevotella copri was detected as the dominant OTU of IG and EP. However, only a few identified OTUs were commonly shared by three different animal species.
The most important finding of this study is the quantitative importance of no-rank OTUs in the fecal microbiota of all animals tested. In our results at genus level, no-rank OTUs covered from 35 % (SBG) to 52 % (EP) of the total sequences in each animal subject. Moreover, they constituted the richest OTUs in all animals. As indicated above, the similarity of sequences of no-rank OTUs to those registered in the data bank was lower than 90 % in this study. These no-rank OTUs are, accordingly, unknown bacteria that have never been isolated or characterized. This seems to be in contrast to those analyzed for human fecal microbiota. In the latter case, no-rank OTUs constituted less than 20 % of the total OTUs detected when analyzed by the same method (E. Inoue, personal communication). Human-associated bacteria have been studied more intensively than those of wild animals for a long time. The database for human-associated bacteria is obviously better documented than that for wild animals. To some extent, the rumen bacteria of ruminant livestock have been focused so far due to their economical importance (Flint et al. 2008 , Duan et al. 2009 , Jami and Mizrahi 2012 . This may limit the application of metagenomic analyses on fecal microbiota in wild animals particularly mono-gastric animals. Because of this limitation, only the phylum-level comparison has been reported so far, which only allows for the rough comparison between host animal species and may not allow for characterization in detail. As shown in the recent reports based on metagenomic analyses , Bhatt et al. 2013 , phylum-level analyses can reveal that the mammals possess nearly the same composition of microbiota. For example, in our study, an elephant has a similar composition to those of gorillas and chimpanzees at the phylum level (Fig. 1) . However, its composition was clearly different from those of gorillas and chimpanzees when a comparison was made with family-level analyses ( Table 2) . The difference was, in fact, attributable mostly to no-rank OTUs. We believe that no-rank OTUs should be analyzed in detail for the better understanding and comparison of intestinal microbiota of animals except for humans. To understand the co-evolution between the host and its intestinal microbiota, further efforts to isolate and identify the unknown bacteria corresponding to no-rank OTUs are of importance.
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